Abstract. We address the methodology and hardware design for detecting defects on a steel surface. The goal of this work is to develop a surface inspection system for defects with three-dimensional (3-D) characteristics on planar steel surface using multispectral photometric stereo technique. First, the reflections of multispectral illuminations from a steel surface are captured by a multi-channel camera system. Then, a 3-D reconstructed surface profile is extracted from estimated gradient fields. The developed system is applied to real steel specimens and the experimental results show that it can reliably detect tiny defects on the surface. © 2013 Society of Photo-Optical Instrumentation Engineers (SPIE)
Introduction
Steel is an essential raw material used in many industries, such as automobile, construction, and shipping. Since surface properties of the raw steel affect the quality of the final products, various automatic methods for detecting surface defects have been developed recently. Several of the presented methods have focused on the gray-level intensity data of the captured surface image. [1] [2] [3] [4] These methods are especially effective for surface defect images with local intensity variations. Compared to the defects with intensity change, there are other kinds of defects that have three-dimensional (3-D) characteristics. These defects are crucial for surface quality; however, image processing methods based on intensity information only may have poor performance for detecting them. In order to solve this problem, surface inspection methods using 3-D reconstruction techniques have also been reported in the literature. 5, 6 In this paper, a new surface inspection system using photometric stereo technique is developed to detect 3-D defects on steel surfaces. Photometric stereo 7 refers to a method that provides the estimated surface normals by using multiple intensity images obtained from different lighting conditions. The surface can be reconstructed by integrating the gradient field; therefore, we can obtain 3-D shape information of the surface. The presented method uses multispectral camera and lighting system with different color channels to capture the surface data, and the surface defects are successfully detected by the developed system.
The remaining parts of this paper are organized as follows. Section 2 gives the theoretical description of the presented approach. The system configuration and experimental results are presented in Sec. 3. Finally, concluding remarks are provided in Sec. 4.
Theory

Lambertian Model
The Lambertian model has been widely used to model surface reflectance with illumination variations. If the measured surface is not affected by highlights due to specular reflection, we can assume that the surface follows a Lambertian model. In this model, the incident light on a surface is reflected equally in all directions and its reflected intensity is independent of the viewing direction. Under these assumptions, the reflected intensity on the surface is proportional to the cosine of the angle between the surface normal and the direction of the light source:
where L is the illumination direction vector, N is the surface normal vector, and ρ is the albedo, which represents the proportion of the light reflected from the incident light. The equation of 3-D surface is given by z ¼ Sðx; yÞ, and the first partial derivatives of z with respect to the x and y of the surface are represented by p n ¼ ð∂z∕∂xÞ and q n ¼ ð∂z∕∂yÞ, respectively. Then the vector ðp n ; q n ; −1Þ
T is normal to the surface, and by defining the normal vector N to be of unit length, we obtain
and the surface slope components can be expressed as
where τ n and σ n be the azimuth and zenith angle of the surface normal. Let τ l and σ l be the azimuth and zenith angle of the light source, then the unit illumination vector can be given by
and therefore the image intensity can be written as follows:
2.2 Estimation of Gradient Field I ¼ ½I 1 ; I 2 ; : : : ; I n T , n ≥ 3 is the image intensity vector and L ¼ ½L 1 ; L 2 ; : : : ; L n T , n ≥ 3 is the light source vector. Then, Eq. (1) can be represented as
where N is the unit normal of the surface. For three light sources (that is, n ¼ 3), an inverse matrix L −1 is computed and the equation has a solution for the surface orientation, which is given by
For n lights, where n > 3, the system is overdetermined and N can be determined using the least-squares method. Then, the surface normal is 
Color Photometric Stereo
In color photometric stereo, [8] [9] [10] [11] [12] various color lights are simultaneously emitted from different directions. The surface reflects those lights and a color camera can capture images with a different channel. Referring to the notation used in Ref. 12, the pixel intensity I i ðx; yÞ in the ith image with i ¼ 1; 2; : : : ; n is given by
where L j is the direction of the jth light source vector, Nðx; yÞ is the surface normal, λ is the wavelenth, E j ðλÞ is the spectral distribution of the jth light source, Rðx; y; λÞ is the surface reflectance function, and S i ðλÞ is the spectral response of the ith camera sensor. Assuming that the surface is monochromatic, then Rðx; y; λÞ ¼ ρðx; yÞαðλÞ where ρðx; yÞ is the albedo of the surface and αðλÞ is the chromaticity of the material. Let the i'th row and j'th column element of the matrix V be given by
Then, Eq. (9) can be changed into the following discrete form:
where I ¼ ½I 1 ; I 2 ; : : : ; I n T and L ¼ ½L 1 ; L 2 ; : : : ; I n T . If the spectral channels are well separated, the matrix V can be represented as a diagonal matrix. The surface normal N can be obtained in the same way as gray-scale images of Sec. 2.2.
Surface Reconstruction
After obtaining the surface normal, a 3-D surface can be recovered by integrating the gradient field. In order to obtain the depth information from the surface normal, various methods are presented in the literature. [13] [14] [15] [16] [17] [18] [19] [20] For vision-based defect detection applications, the detectability of the surface defects is more important than the accuracy of the surface profile. The reconstruction results are significantly affected by illumination conditions; therefore, a less sensitive reconstruction method is preferable. In this work, simple iterative methods 13, 19 are adopted for reconstruction of the surface, since other methods are very time-consuming or provide distorted results.
The main objective of surface reconstruction is to obtain a surface z ij from the previously obtained partial derivatives p ij ¼ ð∂z∕∂xÞ ij and q ij ¼ ð∂z∕∂yÞ ij , where the subscript ij indicates the position of the pixel ði; jÞ. An iterative scheme 13 to determine the depth map z ij is obtained as
where ϵ is the spacing between the pixels (that is, ϵ ¼ 1), and κ ¼ 4 when the z ij is computed using the four edge-adjacent neighbors. With the approximations ∂p
and average values
we obtain an iterative rule to integrate the gradient field as
In order to obtain faster computation results, a pyramidal method 19 is used for integration. The iteration Eq. (15) becomes: Fig. 3 Side view of the reconstructed surfaces using various algorithms: (a) top view of the surface defect, (b) the presented method, (c) FrankotChellappa, 14 (d) shapelet, 15 (e) affine transformation, 16 and (f) least-squares.
where Δ x and Δ y represent the level of the pyramidal scale. In the first iteration, the computation with a large level is applied to obtain a fast estimation of the depth map. Then, the depth map is more precisely derived with a small level computation for several iterations. This procedure is repeated until the least scale is reached and computed. For the level l, we can obtain
where l is large for the first iteration and equal to 0 for the last level. This approach increases computation speed and requires much fewer iterations than the standard method.
Experiments
Based on the above-mentioned theory, a prototype inspection system has been implemented. The experiments were conducted under the conditions of three-light and six-light configuration. Note that the Lambertian model is not capable of describing specular reflections of shiny objects such as metallic surfaces. However, highlights can be treated as deviations from the Lambertian law since many non-Lambertian surfaces exhibit near-Lambertian behavior outside their regions of specularity. 8 In six-light configuration, highlights can be detected and excluded using methods similar to those used in Refs. 8 and 18.
Three-Light Configuration
The three-color photometric stereo method was applied to a steel specimen. Figure 1 shows the pictures of the actual inspection system. The surface to be inspected was illuminated by three light sources: red, green, and blue. Then three color images are taken at the same time using a 3-CCD RGB camera. In the first experiment, the detectability of the inspection system is tested with the surface defects of 0.14 to 0.24 mm in depth. The captured images and reconstruction result are shown in Fig. 2 . One can see that the position of the defects can be detected by using the depth of the reconstructed surface. The reconstruction result is also compared with other reconstruction methods in Fig. 3 . In the The other methods cannot effectively detect the defect or require additional post-processing. Thus, the presented method is the most suitable for detection of defects with 3-D characteristics on the planar surface.
In the second experiment, the depth of each defect is measured by a surface profiler 21 and compared with the relative height of the defects on the reconstructed surface. The test specimen has 18 defects, 25 to 480 μm in depth. Figure 4 shows part of the steel specimen, the reconstruction result, and the depth plots for each defect. Bright areas on the depth map indicate higher points, and dark areas represent lower points. The result indicates that we can roughly distinguish the depth range of the defect from the reconstructed surface.
Six-Light Configuration
In this experiment, the presented approach is applied using the six-channel color photometric stereo. The advantage of using more than three light sources is the increase in flexibility for practical applications; for example, highlight or shadow pixels may be omitted from the measurements. The scheme and the designed hardware system are shown in Fig. 5 . Six images with different channels are simultaneously captured by six cameras, and optical filters with different spectral ranges are installed in front of both cameras and lights to separate different color channel. In this equipment, six different light sources are available, and optical filters 22 were placed in front of each light source to obtain six-color illumination. The camera system is also designed to capture six-channel images. Dichroic filters 23 and beam splitters were used to separate the spectrum, as shown in Fig. 6 . The approximated spectral distribution of the camera is also plotted in Fig. 6 . The steel specimen and reconstructed surface associated with a colormap are shown in Fig. 7 , and the result shows that surface defects with 3-D characteristics are successfully detected in six-color configuration. Although the color channels are not completely separated and there were overlaps between each channel, the result shows potential of our approach. If the dichroic filters with more specified range of spectrum can be used in the camera and light system, the channels can be decoupled and better reconstruction result can be obtained.
Conclusion
A surface inspection system for planar steel surface is presented based on multispectral photometric stereo technique. The developed system was first implemented with the threechannel configuration, and it was extended to the six-channel system. In experiments with steel specimens, it is demonstrated that the presented approach works for tiny defects with 3-D characteristics. The presented technique has great potential in applications of surface inspection with machine vision. In future work, the applicability of the dynamic environment and fast iterative computation using graphics processing unit can be considered. Experiments with actual defected parts of real steel products also will be considered. 
